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Abstract 
Wallace-Finney, Sheena R., M.S.Egr., Department of Biomedical, Industrial and Human 
Factors Engineering. Wright State University, 2011. Determining Optimal Aisle-Width for 
Order Picking in Distribution Centers. 
   
 
Many companies use distribution centers (DC) as hubs for storing and distributing products to 
customers (e.g., wholesalers, retailers, or consumers).  Order picking, a critical activity in every DC, 
refers to retrieving products from the storage locations to fulfill customer orders.  It accounts for over 
50% of the DC operating cost.  Order picking system design involves several decisions, such as 
layout of the picking area, storage policy, picking method, material handling equipment, and 
information technology, to name a few.  Aisle configuration (number, length, width, and orientation) 
is a critical layout decision as it directly affects picker productivity and required space.  Previous 
research in picking system layout optimization has focused on number and orientation of picking 
aisles, but not on the selection of an appropriate aisle-width (wide or narrow).  Wide aisles require 
more space, but experience less congestion; in contrast, narrow aisles require less space, but may 
induce congestion among pickers.  Congestion leads to a reduction in picker productivity, thus 
increasing labor cost to satisfy required system throughput.  Our focus in this research is in 
determining the optimal aisle-width by evaluating the cost (labor and space) tradeoffs between wide-
aisle and narrow-aisle system configurations for both manual and semi-automated systems.  We 
propose a cost-based optimization model and use previously developed travel-time and picker-
blocking models in solving the optimization model.  We account for several system parameters, such 
as space and labor costs, throughput, system size, number of aisles, storage levels, and items picked in 
a tour in our experimentation.  Our results indicate a preference for wide-aisle systems when cost of 
labor and required throughput are high, while they indicate a preference for narrow-aisle systems 
when cost of space and number of storage locations are high. 
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1 Introduction 
Many companies use distribution centers (DC) as hubs for storing and distributing products to 
customers (e.g., wholesalers, retailers, or consumers).  Typically, a DC, also known as a warehouse, 
receives products in bulk from suppliers, stores them until demanded by the customers, and fulfills 
specific customer orders in the most cost effective and efficient manner. 
Among several activities in a DC, order picking is by far the most expensive activity, 
accounting for over 50% of DC operating cost (Tompkins, 2003).  Order picking refers to retrieving 
products from the storage locations to fulfill customer orders.  Order picking system design involves 
several decisions, such as number of storage locations, layout of picking area, storage policy and 
configuration, required throughput, picking method (manual, semi-automated, or fully automated), 
material handling system, and supporting information technology infrastructure.  If the number of 
storage locations corresponding to a given number of stock keeping units (products) and their 
quantities to be stored are known, then the next important question to address is the layout of the 
picking area. 
Layout of the picking area includes determination of picking and processing areas, aisle 
configuration, location of the depot, and material handling flow patterns. Among these, aisle 
configuration is the key as it is reflective of the traveling required by pickers in executing their 
picking activities, which in turn affects their productivity and system throughput.  Aisle configuration 
includes the selection of number of aisles, number of cross-aisles, and their length, width and, 
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orientation.  Past research has considered the aspects of number of aisles and cross-aisles 
(Roodbergen, 2006), and aisle orientation (Gue and Meller, 2006).  However, the issue of aisle-width 
has largely been ignored.  Aisle-width refers to the lateral distance between two opposing pick-
columns in a picking aisle.  It determines whether or not two pickers can pass each other within the 
aisle.  If the aisle-width is less than 5 ft, then it is typically referred to as a narrow-aisle system; aisle-
width around 10 ft is referred to as a wide-aisle system. 
Identifying the optimal aisle-width (wide or narrow) is critical from a cost and throughput 
standpoint.  Wide-aisle systems require more space than narrow-aisle systems for the same number of 
products stored, which increases the total space cost.  However, wide-aisle systems are less prone to 
picker congestion due to the ability of pickers to pass each other within the aisle.  This is not the case 
in narrow-aisle systems.  In such systems, though the required space is relatively low, picker 
congestion may be prominent leading to a reduction in picker productivity.   
Picker congestion, typically modeled as blocking, can occur in two forms, pick-column and 
in-the-aisle.  Pick-column blocking is caused by a picker needing to pick in the same location as 
another picker currently occupying that location.  This type of blocking occurs in both wide-aisle and 
narrow-aisle systems.  When a picker needs to pick from a location past the pick-column where 
another picker is occupying, but cannot pass because the aisle-width is too narrow, this form of 
blocking is referred to as in-the-aisle blocking.  We assume this type of blocking occurs only in 
narrow-aisle systems (see Figure 1).  There may be a possibility of two pickers picking at opposite 
pick-columns in a wide aisle systems creating in-the-aisle blocking in a wide-aisle system.  For the 
purposes of this research, we assume the probability of this is negligible. 
A relatively low productivity of pickers due to blocking (and the resulting wait times) means 
more pickers would be required in the narrow-aisle system to satisfy a given system throughput.  The 
corresponding increase in the labor cost may or may not offset the decrease in the space cost 
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compared to wide-aisle systems.  That is, there is a clear trade-off between space and labor costs 
when determining the optimal width of aisles (wide or narrow).  Our focus in this research is to 
evaluate this tradeoff for both manual and semi-automated systems.   
  
Figure 1: Picker-blocking phenomenon in wide and narrow-aisle order picking systems. 
 
We define a manual picking system as one where pickers walk through the picking area with 
totes or a cart to retrieve products.  The typical height of the racks in such cases is limited to the reach 
of the pickers; typically less than 7 ft.  A semi-automated system is one in which the pickers are 
assisted by a material handling device to pick products stored beyond their reach.  Such systems are 
typically 20-35 ft high, and are restricted in height by the capability of the material handling device 
and/or the bay height.  A popular material handling device in semi-automated systems is an order 
picker truck (also known as a cherry picker).  An order picker truck is an industrial truck used to 
facilitate picking in systems with multiple storage levels.  Unlike a forklift, the cab of an order picker 
travels vertically along with the forks, which hold a pallet for collecting picked items.  This allows the 
picker to pick directly from the pick-location and then place the items onto the pallet.  These trucks 
 
4 
are costly to purchase and maintain, and must be cost justified with the reduction in floor space 
(realized by storing over 7 ft, like in the manual system). 
We propose a cost-based optimization model to evaluate the costs associated with each 
system, manual and semi-automated.  The optimization model requires as input the pick-rates of 
pickers, space used, and an estimate of picker congestion.  Travel-time models for both manual and 
semi-automated systems are used to determine the theoretical pick-rate of pickers.  To estimate the 
picker congestion, simulation models for both narrow- and wide-aisle systems are used.  Closed-form 
expressions are developed for calculating the required space.  Using these models, we compare wide-
aisle and narrow-aisle systems of the same configuration to determine the optimal aisle-width.  We 
also conduct a sensitivity analysis that evaluates the effect of individual system parameters on the 
optimal aisle-width decision.  System parameters in our analysis include costs (space and labor), 
system throughput, and system configuration (i.e., number of storage locations, expected number of 
items in a pick-tour, number of aisles, and storage level- in the case of a semi-automated system). 
The rest of this thesis is organized in the following manner.  Chapter 2 examines relevant 
research in Order Picking Systems (OPS) design and travel time models.  In Chapter 3 an 
optimization model for optimal aisle-width is presented.  We present details of our experiments and 
corresponding results in Chapter 4.  Finally, Chapter 5 summarizes our research findings and 
discusses areas for future research. 
 
5 
2 Related Research 
There is a considerable amount of literature that addresses DC design problems.  We only 
summarize research relevant to our work below.  Brynzer et al. (1994) propose a methodology for 
analyzing different order picking systems with managerial considerations such as system efficiency.  
In considering interconnected relationships between departments, Yoon and Sharp (1996) present a 
structured method for the design and analysis of order picking systems (OPS).  Malmborg (1996) 
presents an integrated, cost-based model that considers inventory management, space allocation 
between reserve and retrieval storage areas, and storage area layout.  These major policy issues are 
embedded in the model to assist the designer in analyzing decisions on these issues.  For a complete 
review of issues related to DCs and OPSs, we refer the readers to van den Berg (1999), Rouwenhorst 
et al. (2000) and Gu et al. (2007).    
A model to analyze order batching and storage allocation strategies as it impacts travel time is 
presented by Chew and Tang (1999).  Their analysis shows that the optimal batch size is smaller in 
picking systems with class-based storage policies than randomized storage.  It is also shown that 
class-based storage contributes to significant material handling savings.  Petersen (2000) compares 
various order picking policies, which include strict order picking, batch picking, sequential zone 
picking, batch zone picking, and wave picking.  This research shows that batch and wave-picking can 
reduce picker travel by as much as 60% over strict order picking.  These picking strategies are not 
without their drawbacks such as a possible loss of order integrity.  There are places such as medical 
 
6 
supply rooms, fast food restaurants, and tool cribs where quick response time and order accuracy are 
paramount.  Their research suggests that it is important to consider the company’s business demands 
when determining an order picking policy.   
Petersen and Aase (2003) analyze the effect of order size, DC shape, location of pick-
up/drop-off point, and demand distribution on system performance.  This research indicates that a 
central pick-up/drop-off point is optimal.  In addition, they observe that within-aisle class-based and 
volume-based storage systems significantly reduce picker travel distances.  Class- and volume-based 
systems also require rearranging storage locations as demand for different products changes.  These 
moves and the associated congestion reduce the benefits of such storage policies to just 1% savings 
over randomized storage locations. 
Russell and Meller (2003) present a method for determining design and operation of a 
sortation system and the decision between manual and automated systems given a set of fixed costs 
and required throughput.  The model provides a tool to evaluate the various trade-offs in the system 
such as the capital costs with an automated sorter versus labor savings after an automated sorter is 
implemented.  Additionally, an analytical model is presented to approximate optimal order batch size.  
This allows the picking and packing levels to be balanced making a more cost effective system. 
Note that when optimizing order picking system layout, past research has largely focused on 
identifying the appropriate mix of operating policies to suit a given layout.  Roodbergen and Vis 
(2006) propose a non-linear programming model that does the opposite; it determines an optimal 
layout based on fixed operating policies while considering average travel distances.  The authors 
indicate that, given a traversal routing policy, an OPS with even number of aisles is best.  It also notes 
that the largest gap travel policy is more efficient than the traversal policy when optimal layouts are 
used.  The authors conclude by suggesting that it is prudent to consider employing their optimization 
model on more than one routing method before finalizing a layout. 
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While most research has focused on standard aisle configurations with parallel aisles 
stretching across the picking area, Gue and Meller (2009) take a different approach.  Standard aisle 
layout forces pickers to travel in a rectilinear path and induces unnecessarily large travel times along 
long aisles.  They propose fishbone and flying-V configurations as ways to reduce picker-waking 
time.  These configurations allow a picker to travel a more direct route while fulfilling orders, but also 
require more space to operate.  These configurations have been shown to have at least an 8-12% 
improvement in picker walking time. 
The issue of picker congestion, specifically picker blocking, has recently gained a lot of 
attention.  Gue, Meller, and Skufca (2006) are the first to present analytical models to analyze the 
effects of throughput on picker blocking in narrow-aisle systems.  Using a discrete time Markov 
Chain, they model the order picking system as a circular aisle and consider the case when pick-time is 
deterministic.  They show that congestion among pickers first increases and then decreases as pick-
density increases.  When pick-time is non-deterministic, Parikh and Meller (2010a) indicate that 
blocking increases monotonically with an increase in pick-density for non-deterministic pick times.  
Picker blocking in wide-aisle systems is examined in Parikh and Meller (2009).  This paper 
contributes not only a further look at wide-aisle systems, but also a comparison between wide-aisle 
and narrow-aisle systems.  The authors quantify blocking in wide-aisles systems, indicate that it is 
lower than in narrow-aisle systems, and that blocking is typically higher when pick-time is non-
deterministic.  
Several recent articles consider the impact of picker congestion when developing models for 
order picking system design.  Pan and Shih (2008) develop a throughput model for evaluating various 
storage assignment policies for systems with multiple pickers in narrow-aisle systems, taking into 
account picker-blocking.  This research concludes that policies that allocate least used items to the 
farthest pick-columns actually decrease picker efficiency.  Randomized storage more uniformly 
utilizes the storage space decreasing the picker blocking rate.  Different causes of workflow 
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congestion, as it relates to material handling equipment, are discussed in Zhang et al. (2009).  A 
model to analyze optimal travel route for order pickers to minimize total travel time is developed and 
it is suggested that the most expedient route is not always the one with the shortest distance.  Parikh 
and Meller (2010b) present a travel-time model for semi-automated systems in narrow-aisle systems.  
This model accounts for vertical travel with an order picker truck in addition to horizontal travel for 
both rectilinear and Tchebyshev travel metrics.  Using an optimization model, they determine the 
optimal storage height that minimizes the total labor and space costs, while accounting for picker-
blocking.  
 Notice that prior research in developing order picking system design models assumes a given 
width of picking aisles.  A number of papers have alluded to the fact that the width of the aisles 
determines the space and potential picker congestion, but no models have been developed yet.  The 
cost trade-off between space and labor associated with the aisle-width decisions needs to be analyzed 
to help the designer in identifying the most cost effective order picking system.  Through a cost-based 
optimization, we address this very decision for a given system configuration.  We consider both 
manual and semi-automated systems for which randomized storage and traversal routing policies are 
employed.  We now present an optimization model to identify the optimal aisle-width.   
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3 An Optimization Model for Optimal Aisle-Width 
This chapter presents an optimization model to determine the optimal aisle-width (wide or 
narrow) for several system configurations, defined through a combination of system throughput, 
costs, and configuration parameters.  The objective of the model is to minimize the total system cost, 
defined as the sum of labor, equipment, and space costs. 
We make the following assumptions in developing our model: 
 Pickers move through the system in a traversal routing pattern (see Figure 2).  When 
considering semi-automated systems, order picker trucks perform Tchebyshev travel.   
 Randomized storage policy is assumed. 
 Similar to previous research in modeling picker-blocking, we model the order picking area as 
one long, circular aisle. 
 Pick-time is non-deterministic; i.e., pickers may pick more than one product when stopped at 
a pick-column. 
 Average speed of pickers and order picker trucks include acceleration and deceleration times.   
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Figure 2: Schematic of travel-time components in one long aisle. 
 
Travel times and distances are calculated for the system configuration shown in Figure 2.  
Note that the parameters aw, al, cw, pw, and pd represent the width and length of the aisle, the width of 
the cross-aisle, and the width and depth of the pick-column, respectively. 
The goal of the proposed cost-based optimization model is to identify the optimal aisle-width 
(aw) to minimize the total system cost, which comprises of space, labor, and equipment.  Let  
K = actual number of pickers in the system, 
S = total space (ft2), 
CS = yearly space costs ($/ft2), 
CK = yearly labor costs ($/picker), 
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CQ = yearly equipment costs ($/equipment), and 
C = total yearly system costs, 
where C = CSS + K CK + CQ( ). 
The space cost (CS) consideration in this system will vary based on whether the land is 
currently owned or leased.  Purchase price will depend on the location, rural versus urban.  Labor cost 
(CS) includes the yearly picker wages as well as benefits.  The yearly cost of equipment (CQ) accounts 
for the purchase price of the equipment and yearly maintenance costs.  For example, the purchase 
price of a person-onboard order picker truck is about $30,000.  With a useful life of 5 years, a yearly 
operating expense of about $1,500, and the cost of capital is 20%, this makes the yearly cost of 
equipment $10,000 per equipment.  We assume that there will be one order picker truck for each 
picker.   
We now present a cost-based optimization model for optimal aisle-width.  Tables 1 and 2 
present the parameters and decision variables used in the model.  The objective of this model is to 
identify the optimal value of aw for a given set of system parameters such that the system cost is 
minimized.   
Table 1: Parameters used in the optimization model. 
 
 
Parameter Description 
I Number of items picked per tour 
s Number of storage locations 
almax Maximum allowable length of an aisle (ft) 
tp Time per pick (s/pick) 
tw Time to walk past a pick location (s/pick) 
Λreq Required throughput (items/hr) 
cw Cross aisle width (ft) 
vv Vertical velocity (fpm) 
vh Horizontal velocity (fpm) 
pw Pick-column width (ft) 
pd Pick-column depth (ft) 
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Table 2: Decision variables used in the optimization model. 
 
We present the optimization model below. 
minimize ( )waC  
subject to ⎥⎥
⎤
⎢
⎢
⎡
=
g
sn
2  for narrow-aisle systems and  ⎥⎥
⎤
⎢
⎢
⎡
=
g
sn for wide-aisle systems (1) 
 ⎥⎥
⎤
⎢
⎢
⎡
= max
l
w
a
np
a  (2) 
 ( )wdwwdlwl capcaapaaaaaS +++= 22  (3) 
 Kλ 1− B n, p,K, t p : tw( )[ ]≥ Λreq  (4) 
 +∈ IgK , , { }10,5∈wa , 0≥S  
 
The objective of the above model is to minimize the system cost, which comprises space and 
labor (including equipment) costs.  We calculate the number of pick-columns (n) and then number of 
aisles (a) using Constraints (1) and (2).  Constraint (3) calculates the total space (S) required in the 
system, while Constraint (4) determines the minimum number of pickers required to meet the 
required throughput (Λreq) considering average picker-blocking, B(.).  To solve the optimization 
model, we must estimate the theoretical number of pickers based on the expected travel time to pick I 
items in a pick-tour and the %-blocking experienced by the pickers.  
Decision 
Variable 
Description 
aw Aisle width, wide or narrow (ft); independently determined 
g Number of storage levels; independently determined 
K Actual number of pickers required 
λ Theoretical pick-rate corresponding to K pickers, assuming no blocking (items/hr)  
B(.) Average estimated blocking experienced by a picker 
p Pick-density 
a Number of aisles 
n Number of stops 
al Actual aisle length (ft) 
S Total space (ft2) 
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3.1 Expected Time to Pick I Items 
Theoretical picker throughput or pick-rate (λ) can be determined using the expression, 
[ ]TE
I60
=λ .  We can estimate the total expected travel time, E[T], as follows:  
 
E T[ ]= E Tpick[ ]+ E Taisles[ ]+ E Tcross[ ]+ E Tdepot[ ], (5) 
 
 where  
 
  E Tpick[ ]= It p , (6) 
 E Taisles[ ]= E T1[ ]+ E T2[ ]+ E T3[ ]+ E T4[ ], (7) 
 E Tcross[ ]=
cw a+1( )
vh
, and (8) 
 E Tdepot[ ]=
2 aw a−1( )+ 2pd a−1( )[ ]
vh
. (9) 
The expected time to complete all picks in a pick tour, E[Tpick], is estimated by (6).  The total time 
required to travel the aisles, E[Taisles], is calculated by (7), where  
E[T1] = expected time to travel to the first pick 
E[T2] = expected time to complete vertical travel at pick-columns with at least one pick 
E[T3] = expected time to travel between pick-columns 
E[T4] = expected time to travel from the last pick to the end of the aisle. 
Closed-form expressions for these four travel components for both manual and semi-
automated systems, assuming randomized storage and traversal routing, are presented in Parikh and 
Meller (2010b).  We calculate the estimated time to travel the cross aisles by (8) and the expected 
time to travel to and from the depot by (9).  The combined outputs from these equations are used to 
estimate the total expected travel time in the system in (5).   
3.2 Average Picker-Blocking, B(.) 
The other critical component in the optimization model is the blocking function, 
B(n,p,K,tp:tw).  Unfortunately, the blocking function is not available in closed-form for standard 
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pick:walk time ratios and more than two pickers in the system.  To estimate picker-blocking, two 
simulation models for an order picking system employing a randomized storage policy are employed.  
The first model is designed to estimate pick-column blocking in wide-aisle systems, while the second 
is designed to estimate in-the-aisle blocking in narrow-aisle systems.  The order picking system is 
modeled as one long, circular aisle to mimic the traversal routing strategy followed by each picker 
during the pick-tour.  Since a randomized storage policy is utilized, each pick-column has the same 
pick-density (i.e., probability of picking).  Pick-density (p) is estimated using the approach described 
in Parikh and Meller (2009).  Preliminary experiments suggested that %-blocking across all pickers 
converged to a single value when a replication length was set at 5,000 hours, with a warm-up of 500 
hr.  Using this simulation model, we were able to estimate average blocking per picker in both wide-
aisle and narrow-aisle order picking systems.  A total of 810 OPS configurations were analyzed for 
manual systems; 3,888 configurations were analyzed for semi-automated systems. 
Given that the blocking function is not available in a closed-form, this causes difficulty in 
solving the optimization model presented earlier using standard linear optimization solution 
techniques.  However, noting that the search space is limited, we resort to enumerating all the 
solutions in the search space to find the optimal solution.  For a given system configuration and aisle-
width (wide or narrow), the theoretical number of pickers (Ktheo) provides a good lower bound, from 
which we add one picker at a time until the required system throughput is met, while accounting for 
picker-blocking.  The corresponding number of pickers (K) serves as the minimum number of pickers 
required, from which the labor cost (including equipment cost in semi-automated systems) is 
estimated.  Space cost can be calculated based on the required space, S, obtained by (3).  The total 
cost then is the sum of labor and space costs.  For manual systems, storage level (g) equal to 1 is 
optimal, while for semi-automated systems we check for each storage level (g) and the corresponding 
number of actual pickers (K) to identify a system with the least total cost.  A formal solution 
procedure, similar to Parikh and Meller (2010b), is presented below. 
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Step 1.  Calculate n.  For narrow-aisle systems, 3ft < aw < 6ft, use ⎥
⎥
⎤
⎢
⎢
⎡
=
g
sn
2
.  For wide-aisle 
systems, aw>10 ft, use ⎥
⎥
⎤
⎢
⎢
⎡
=
g
sn .  In manual systems, assume g=1. 
Step 2.  Calculate a, number of aisles, using ⎥
⎥
⎤
⎢
⎢
⎡
= max
l
w
a
np
a . 
Step 3.  Estimate travel time using the expression of E[T] in (5). 
Step 4.  Calculate the theoretical number of pickers required as 
λ
req
theoK
Λ
= .  Set theoKK = . 
Step 5.  Estimate pick-density (p) and picker-blocking (B(n,p,K,tp:tw)) using simulation. 
Step 6.  Evaluate Λreq ≤ λK 1− B n, p,k,t p : tw( )( ).  If the condition is satisfied, then both the labor 
and space costs can be estimated at the current value of K.  If the condition is not satisfied, let 
K = K + 1 and return to Step 5. 
We now present details of our experiments and the corresponding findings for a variety of system 
configurations. 
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4 Experiments and Results 
The model presented in the previous chapter is utilized to evaluate the most cost effective 
aisle-width for several system configurations.  This model evaluates how each of these factors 
impacts the aisle-width decision, and their degree of influence on this decision. 
4.1 Model Parameters 
In our experiments we evaluate the effects of six parameters on the optimal aisle-width (aw) 
that minimizes total cost for both manual and semi-automated systems.  The parameters we consider 
include the expected number of items picked in a tour (I), number of storage locations (s), number of 
aisles (a), required throughput (Λreq), cost of space (CS), and cost of pickers (CK).  Values of these 
parameters at which aw is evaluated are listed in Table 3.  We also consider a seventh variable for 
semi-automated systems to determine optimal number of storage levels, g, in addition to optimal aw.  
Note that g=1 is determined to be optimal for manual picking systems in Parikh (2006).  Using the 
estimates of travel-time and blocking, and the solution procedure described earlier, we determine the 
optimal aisle-width (aw) for each of the combinations in Table 3. 
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Table 3: Parameters and associated values used in the experimentation. 
 
A total of 810 experiments were conducted to evaluate the impact of a variety of different 
system parameters on the optimal value of aw.  Table 4 shows the optimal aw for manual systems, 
while Tables 5 and 6 show the same for semi-automated systems.  For ease of explanation, we 
categorize the various system parameters into costs, system configuration, and throughput and 
indicate their impact on aw for both manual and semi-automated systems.  
Parameter Levels Values Evaluated 
I 3 20, 30, 40 
s 3 200, 400, 1000 
a 5 Manual: 2, 4, 10, 20, 50   Semi-automated: 2, 4, 10, 20 
Λreq 2 1000, 2500 (items/hour) 
CS 3 1, 10, 25 ($/ft2) 
CK 3 20,000, 30,000, 50,000   (annual loaded $/picker) 
g 6 2, 3, 4, 5, 6, 7 (semi-automated only) 
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Table 4: Optimal aisle-width for manual systems. 
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Table 5: Optimal aisle-width for semi-automated systems – low throughput. 
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Table 6: Optimal aisle-width for semi-automated systems – high throughput. 
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4.2 Impact of Costs 
With all other system parameters held constant, the two components to the system cost, labor 
cost and space cost, have opposite effects on aw, as discussed below.   
4.2.1 Labor Cost (CK) 
As CK increases, wide-aisle systems tend to be more cost-effective, and therefore desirable, 
compared to narrow-aisle systems.  This is because the impact of blocking is relatively low in wide-
aisle systems; therefore, picker productivity is impacted minimally.  So even though the required 
space is higher in wide-aisle systems, the relatively low increase in additional pickers required due to 
blocking (compared to narrow-aisle systems) offsets the increase in space cost. 
4.2.2 Space Cost (CS) 
In contrast to CK, when space cost (CS) increases substantially, narrow-aisle systems tend to 
be more cost effective.  The smaller footprint, and hence space cost, associated with narrow-aisle 
systems as compared to wide-aisle system, seems to offset any increase in the pickers required due to 
blocking.  For instance, if a DC is located outside of a metropolitan city (e.g., Atlanta or LA) instead 
of in rural areas (e.g., Troy, OH), then the space cost may be significantly higher than labor cost 
leading to narrow aisles being optimal for such DCs.  Note that this observation is in contrast with the 
narrow-to-wide pattern observed when CK increases. 
Tables 7 and 8 illustrate the impact of these costs on manual systems, and Tables 9 and 10 
display the impact on semi-automated systems.  As shown in these tables, the patterns discussed 
above hold true in both manual and semi-automated systems.  Looking back at Tables 4-6, we 
observe that CS has a high degree of influence on aw in both manual and semi-automated systems 
compared to CK. 
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Table 7: Impact of labor cost (CK) on aw in a manual system. 
 
Table 8: Impact of space cost (CS) on aw in a manual system. 
 
Table 9: Impact of labor cost (CK) on aw  in a semi-automated system. 
 
Table 10: Impact of space cost (CS) on aw in a semi-automated system. 
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4.3 Impact of System Throughput 
We observe that when all other variables are constant and Λreq increases, wide aisles tend to 
be more desirable.  As Λreq increases, more pickers are necessary to meet the throughput requirement, 
which is intuitive.  This causes picker blocking to quickly increase in narrow-aisle systems.  The 
associated productivity loss in the workforce, due to blocking, leads to higher labor cost in narrow-
aisle systems, especially during seasonal demand spikes.  This is one of the reasons why e-commerce 
companies, like Amazon.com, offer discounts ahead of peak seasons (such as Black Friday) to avoid 
a drastic increase in total labor, which could lead to congestion.  This is observed in both the manual 
and semi-automated systems.  Tables 11 and 12 show a few examples of both these types of systems.  
This pattern is prevalent throughout the manual and semi-automated data output; Λreq has a high 
degree of influence in both systems. 
Table 11: Impact of required system throughput (Λreq) on aw in a manual system. 
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Table 12: Impact of required system throughput (Λreq) on aw in a semi-automated system. 
 
 
4.4 Impact of System Configuration  
4.4.1 Number of Pick Locations  
An increase in the number of pick-locations (s) will increase the footprint needed for the 
system, whether manual or semi-automated (for a given storage level g).  As the footprint grows, 
narrow-aisle systems become more cost effective than wide-aisle systems due to the smaller space 
requirements and, in turn, lower space costs.  Tables 13 and 14 display this trend for a subset of 
variables.  This trend is more obvious in manual systems since the footprint grows faster in those 
circumstances (because g=1).  In manual systems s has a high degree of influence, while in semi-
automated the influence is moderate. 
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Table 13: Impact of number of pick-columns (s) on aw in a manual system. 
 
Table 14: Impact of number of storage locations (s) on aw in a semi-automated system. 
 
 
4.4.2 Number of Aisles  
In manual systems, narrow-aisle configurations are more cost effective as the number of 
aisles (a) increases.  For a fixed total aisle length, as the number of aisles increases, the system 
becomes shorter and wider.  Wide-aisle systems, in this case, will require relatively more space 
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compared to a narrow-aisle system as the increase in the width per aisle will accumulate substantially 
across many aisles.  Table 15 shows a few examples of this effect in manual systems.  Table 16 shows 
some examples of this trend in semi-automated systems, however, it has a low degree of influence.  
For both manual and semi-automated systems, other system parameters have a relatively stronger 
influence than the number of aisles.  Hence, the wide-to-narrow pattern indicated above may not 
always hold. 
Table 15: Impact of number of aisles (a) on aw in a manual system. 
  
 
Table 16: Impact of number of aisles (a) on aw in a semi-automated system. 
 
 
We observed, particularly in the manual systems (Table 4), some system configurations 
where the pattern shifts from wide to narrow and back to wide when a=50.  In these cases, wide-aisle 
systems are more cost effective because the number of pickers needed in the system to overcome the 
increased travel time and to continue to meet the required throughput increases by more than 30%.  
With this influx of pickers, blocking rates also increase.  With the increased blocking rates, wide-aisle 
systems become more cost effective because of the lesser blocking rates compared to narrow-aisle 
systems.  
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4.4.3 Number of Items Picked in a Pick Tour  
As the number of items picked during pick tour (I) increases, for a given system throughput, 
the number of pickers required decreases, decreasing blocking.  Consequently, narrow-aisle systems 
tend to become cost effective as I increases because of this increased efficiency.  Tables 17 and 18 
show examples of this effect in manual and semi-automated systems, respectively.  For manual 
systems, I has a moderate degree of impact; however, in semi-automated systems, I has very little 
influence at all. 
Table 17: Impact of number of items picked per pick tour (I) on aw in a manual system. 
 
Table 18: Impact of number of items picked per pick tour (I) on aw in a semi-automated system. 
 
4.4.4 Number of Storage Levels  
The last variable we examine is unique to semi-automated systems.  As the number of storage 
levels (g) increase, wide-aisle systems are more cost effective.  An increase in g causes an increase in 
the probability of picking (p), which increases the average picker blocking.  This effect makes wide-
aisle systems more cost effective; see Table 19 for an example.  It is also observed that g has a 
moderate degree of influence over the system.   
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Table 19: Impact of number of storage levels (g) on aw in a semi-automated system. 
 
4.5 Managerial Insights 
During our experimentation, we observe varying degrees of influence throughout the system.  
The degree of influence each individual variable has on the optimal value of aw is summarized in 
Table 20. 
Table 20: Degree of influence of each variable on aw. 
 
Overall, the system size (s), space cost (CS), and required throughput (Λreq) have the greatest 
degree of influence on the optimal aisle-width decision.  Furthermore, their influences do not have the 
same direction of pattern.  This suggests that an optimal configuration today may quickly become 
sub-optimal in the near future if the throughput increases due to growth or system size changes due to 
aggregation or disaggregation of storage locations as part of a new picking strategy or material 
handling system.  For example, moving from a batch to a zone picking system (disaggregation of 
storage locations) would lead to a selection of a narrow-aisle system due to lower picker congestion.  
Space cost may change over time due to inflation or recession.  It is vital that a system designer has a 
Increase in Direction of Pattern Manual Semi-automated 
Space cost (CS) W-N High High 
Required throughput (Λreq) N-W High High 
Storage locations (s) W-N High Moderate 
Picker cost (CK) N-W Moderate Moderate 
Items picked per tour (I) W-N Moderate Very Low 
Storage levels (g) N-W N/A Moderate 
Aisles (a) W-N Low  Low 
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good projection of these values to determine a design that is robust.  All other variables have a 
relatively moderate to low impact on the aisle-width decision.  However, if any of these parameters 
have extreme values in the proposed system (i.e., high picker cost), this may influence the aisle width 
decision.   
4.6 Impact of System Variables on Optimum Level of g 
The system variables discussed earlier in this chapter also impact the optimal level of storage 
locations, g.  Table 21 shows the optimal level, g, identified using our optimization model.  Similar to 
the analysis for aw, this data is also calculated assuming CQ = $10,000 per equipment and one 
equipment per picker.   
4.6.1 Impact of Costs 
4.6.1.1 Labor cost 
The data in Table 21 shows that as labor costs (CK) increase, g decreases.  Similar to the 
impact on aisle width, this relationship between CK and g can be attributed to an increase in 
congestion as more storage locations are present in each pick-column.   
4.6.1.2 Space Cost 
In addition to labor costs, space costs (CS) also influence the most cost effective level of g.  
As CS increases, so does the optimal level of g.  Again, the reasoning is similar to the impact on aw: 
the smaller the footprint of the DC, the more cost effective it will be, particularly as space costs 
increase. 
4.6.2 Impact of System Throughput 
Much like the relationship between CK and g, as required throughput (Λreq) increases, g 
decreases.  This again goes back to the need for decreased picker blocking and congestion.  A higher 
Λreq requires more pickers in the same number of storage locations, increasing the likelihood of picker 
blocking.  The increase in the number of pick-columns in lower levels of g helps relieve blocking. 
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4.6.3 Impact of System Configuration  
4.6.3.1 Number of Pick Locations 
Just as the relationship between CS and g varies directly, so does the relationship between 
number of storage locations (s) and g.  Overall footprint is the driving factor in both cases.  The 
higher s requires more space to accommodate more locations.  An increase in g helps to relieve some 
of the need for extra floor space and decrease costs.  
4.6.3.2 Number of Aisles 
In general, as the number of aisles (a) increases, g decreases.  Because other variables have a 
stronger influence on the system, Table 21 shows there are many instances where this pattern does not 
hold true.   
4.6.3.3 Number of items picked per pick tour 
As the number of items picked per pick tour (I) increases, pickers spend more time in the 
system picking, creating more opportunities for blocking.  Because of this, lower values of g offer 
more pick columns making these the more cost effective option. 
4.6.3.4 Aisle-Width 
Aisle-width (aw) also influences the optimal value of g.  In Table 21, we observe that wide-
aisle systems have higher values of g than the narrow-aisle systems.  Due to lower blocking rates in 
wide-aisle systems, the same throughput rates can be achieved with fewer pick-columns.   
Much like with the analysis on aw, I has a very weak influence on the system.  The variables 
with the strongest influence on the system are aw, Λreq, s, Cs, and CK, while a has minimal influence 
on g.  Table 21 shows these relationships in chart form. 
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Table 21: Impact of varying system parameters on the optimal value of g. 
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5 Summary and Future Research 
Order picking is the most critical activity in a distribution center.  Designing an effective and 
efficient order picking system can lead to significant cost savings and improve service times.  Among 
several decisions involved when designing an order picking system, we focused on the aisle-width 
decision, which has received very little attention in the past.  Wide-aisle systems require more space, 
but are impacted minimally by picker congestion.  In contrast, narrow-aisle systems require a 
relatively small footprint, but may experience higher congestion reducing picker productivity.  
The main contribution of this research was the development of a cost-based optimization 
model that trades-off the labor and space costs to identify the optimal aisle-width (wide or narrow) 
such that the total system cost is minimized.  We considered several system parameters, such as 
system throughput, costs, and system configuration (as defined by number of aisles, storage levels, 
storage locations, and items picked per tour) in our analysis.  For both manual and semi-automated 
systems, our model determined the optimal aisle-width and the impact of each system parameter on 
the optimal aisle-width.  
Our experiments indicated that in manual systems as throughput and labor costs increased, 
wide-aisle systems tend to be more cost effective than narrow-aisle systems.  The same phenomenon 
was observed in semi-automated systems.  In contrast, for both manual and semi-automated systems, 
narrow–aisle systems tend to be more cost effective than wide-aisle systems with increases in space 
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cost, number of items to be picked in a pick-tour, number of storage locations, and number of aisles.  
Additionally, the aisle-width decision was found to be more sensitive to changes in throughput, space 
cost, and storage locations, than any other parameter.  We believe that our findings are substantial, 
and when combined with order picking design models to address other design decisions, they will 
assist a designer in identifying the optimal design for the picking area for their operations. 
Future research in this area would include studying systems with other storage and routing 
policies.  We used a traditional orthogonal aisle structure.  Modifying our models to suit other aisle 
orientations, such as fishbone and flying-V, would be the next logical step.  An additional area for 
future research includes exploring the uncertainty in required throughput for those industries where 
demand could vary substantially throughout the year.  Jointly identifying the aisle-width and number 
of aisles with storage-levels and lane-depth would be another avenue for future research. 
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